Objective-Atherosclerotic lesions contain hypoxic areas, but the pathophysiological importance of hypoxia is unknown.
A therosclerosis is the major cause of cardiovascular disease, which is the leading cause of death worldwide. 1 Rupture of atherosclerotic plaques leads to thrombosis, which can result in myocardial infarction or stroke. A rupture-prone plaque is characterized by extensive inflammation, a thin fibrous cap, and a large lipid core. 2 Macrophages play a central role in the development of atherosclerosis as modulators of both lipid metabolism and the immune response in the arterial wall. 3, 4 On endothelial injury, circulating monocytes are recruited to the arterial wall, where they differentiate into mature macrophages. Macrophages can polarize into different phenotypes depending on the microenvironment, with the proinflammatory M1 phenotype and the remodeling M2 phenotype as 2 extremes. Skewing toward an M2 phenotype protects against atherosclerosis in mice. [5] [6] [7] Macrophages transform into foam cells by accumulating lipids (primarily cholesterol esters) in their cytoplasm. Eventually, foam cells can undergo apoptosis or necrosis, creating a lipid-rich necrotic core. 8, 9 Hypoxia has been suggested to promote atherosclerosis. [10] [11] [12] When atherosclerotic lesions develop, the arterial wall often thickens beyond the diffusion limit for oxygen (100-200μm 13 ). In parallel, oxygen consumption increases as metabolically active inflammatory cells accumulate, leading to hypoxic (ie, <1% oxygen) regions. [14] [15] [16] [17] In human atherosclerotic plaques, the hypoxic regions are rich in macrophages and foam cells. 14 The transcription factor, hypoxia-inducible factor-1 (HIF-1), plays a key role in the cellular adaptation to hypoxia. 18 HIF-1 is composed of 2 subunits, that is, HIF-1α and HIF-1β, and is only active as a heterodimer. HIF-1β is constitutively expressed, whereas HIF-1α is tightly regulated by the oxygen tension. 19, 20 During normoxia, HIF-1α undergoes hydroxylation by prolyl-hydroxylases leading to ubiquitination and degradation. 21, 22 This is dependent on the von Hippel-Lindau (VHL) protein, which binds HIF-1α in the E3 ubiquitin ligase complex. [23] [24] [25] Lack of VHL (eg, in patients with VHL disease) leads to constitutive HIF-1α overexpression. 23, 26 During hypoxia, HIF-1α is stabilized and translocates to the nucleus where it heterodimerizes with HIF-1β. More than a hundred genes are directly or indirectly regulated by HIF-1α, including genes important for anaerobic metabolism, neovascularization, cell proliferation, survival, and cell recruitment. 20, 27, 28 In vitro data indicate that HIF-1α affects lipid metabolism in monocytic cancer cell lines. [29] [30] [31] Knockdown of HIF-1α in macrophage-like cell lines reduces the lipid and sterol accumulation induced by hypoxia. 30, 31 Mice with knockout of HIF-1α in the myeloid cell lineage show decreased bactericidal activity, decreased lipopolysaccharide-induced sepsis, and decreased response to SDS-induced inflammation. [32] [33] [34] In vivo, overexpression of HIF-1α in lymphocytes reduced atherosclerosis in apolipoprotein E-deficient (Apoe −/− ) mice, 35 and HIF-1α knockout in smooth muscle cells reduced atherosclerosis in Apoe −/− mice with transverse aortic constriction-induced lesions. 36 In human atherosclerotic plaques, HIF-1α colocalizes with macrophages and is associated with an inflammatory plaque phenotype, angiogenesis, and hemorrhage. 14, 31, [37] [38] [39] However, the putative importance of HIF-1α expression in atherosclerotic lesion development is unknown.
We hypothesized that HIF-1α expression by macrophages promotes development of atherosclerosis. In the early phase of this study, we saw that hypoxia and HIF-1α are present in murine atherosclerotic plaques. This is confirmed by others, providing the opportunity to study the effects of hypoxia on atherosclerotic mouse models. 30, 40 Our data suggest that HIF-1α expression affects the biology of macrophages, and we provide the evidence that HIF-1α expression in macrophages promotes atherosclerosis in mice.
Materials and Methods
A detailed description of the Materials and Methods is given in the online-only Data Supplement.
Mice
Myeloid-specific inactivation of Hif-1a or Vhl was achieved by crossing LyzM-Cre transgenic mice (B6.129P2-Lyz2tm1(cre)Ifo/J) with LoxP-Hif1a mice (B6.129-Hif1atm3Rsjo/J) or LoxP-Vhl mice (C;129S-Vhltm1Jae/J) all obtained from Charles River. LyzM-Cre −/− offspring were used as wild-type (WT) controls.
Bone Marrow Transplantation
Ldlr −/− recipient mice were lethally irradiated with 9.5 Gy in a Gammacell 40 Exactor (MDS Nordion). The next day, bone marrow was isolated from femurs and tibias from HIF-1α-null, littermate HIF-1α WT, VHL-null, and littermate VHL WT mice. 5×10
6 cells (in a total volume of 250 μL) were injected in the tail vein of irradiated recipient Ldlr −/− mice. Antibiotics (83 mg/L ciprofloxacin and 67 mg/L polymixine B) were administered in the drinking water for 8 weeks, while the donor cells repopulated the bone marrow of recipient mice. Mice were kept on the high-cholesterol, low-fat diet for 16 weeks and euthanized.
Statistical Analyses
Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc, San Diego, CA). P values were calculated using 1-way ANOVA after Sidak post hoc test or unpaired t test (with Welchs correction if the variance differed between groups) as indicated in the article. Mann-Whitney U test was used when one or more groups deviated from normal distribution. P<0.05 was considered significant. Values represent mean±SEM.
Results

HIF-1α Expressing Macrophage Foam Cells Are Abundant in Hypoxic Areas of Murine Atherosclerotic Lesions
Pimonidazole was injected into Apoe −/− mice to identify hypoxic cells in the atherosclerotic lesions. Pimonidazole forms adducts with thiol groups under hypoxic (<1% O 2 ) conditions. 41 Staining for pimonidazole in sections of aorta showed widespread hypoxic areas within atherosclerotic lesions. Additional immunohistochemical studies showed robust HIF-1α expression in the same hypoxic areas ( Figure 1A) . The HIF-1α expression in murine atherosclerosis was confirmed in Ldlr −/− mice ( Figure I in the online-only Data Supplement). HIF-1α colocalized with the macrophage-specific receptor CD163 and with lipid droplets ( Figure 1B and 1C) .
Hypoxic and normoxic regions of lesions in aortic root sections from pimonidazole-injected Apoe −/− mice were isolated by pressure-assisted laser microdissection ( Figure II in the online-only Data Supplement). The hypoxic areas displayed markedly increased mRNA expression of the canonical HIF-1α target gene, glucose transporter 1 (Glut1; P<0.01) and the macrophage marker gene, Cd68 (P<0.01; Figure 1D ). These results provide morphological and molecular support to the concept that HIF-1α is expressed in macrophage-rich and foam cell-rich areas of murine atherosclerotic plaques.
HIF-1α Expression by Macrophages Increases Atherosclerosis in Ldlr −/− Mice
To investigate the role of HIF-1α in macrophages on the development of atherosclerosis, Ldlr −/− mice were lethally irradiated and transplanted with bone marrow cells from mice with a HIF-1α deficiency in the myeloid cell lineage or from mice with preserved HIF-1α expression. In bone marrowderived macrophages from recipients of HIF-1α-deficient bone marrow, there was an essentially complete knockdown of the HIF-1α gene, and the hypoxia-induced expression of the HIF-1α target gene Glut1 was downregulated ( Figure III in the online-only Data Supplement).
After 16 weeks on high-cholesterol diet, the surface lesion area in the aortic arch was used as the primary measure of atherosclerosis. The lesion area was markedly smaller in recipients of HIF-1α-deficient bone marrow cells (henceforth referred to as HIF-1α-null mice; lesion area, 1.8±0.3%; n=14) compared with recipients of bone marrow cells with preserved HIF-1α expression (henceforth referred to as HIF-1α WT mice; lesion area, 6.4±1.4%; n=15; Figure 2A ). To further characterize the aortic pathology, ultrasound examinations were performed on a subset of the mice. The in vivo ultrasound measurements of the inner curvature of the aortic arch showed that HIF-1α-null mice had a significantly smaller arterial wall thickness than HIF-1α WT mice ( Figure 2B ). Moreover, on histological examination of cross sections of the aortic root, the total lesion area was significantly smaller in HIF-1α-null mice compared with HIF-1α WT mice ( Figure 2C ).
Nonstandard Abbreviations and Acronyms
Apoe apolipoprotein E Pimonidazole staining suggested the presence of hypoxia in both groups of mice ( Figure 3A ). However, in accordance with the absence of HIF-1α in macrophages, there was decreased GLUT1 staining in foam cell-rich areas of the lesions in HIF-1α-deficient mice ( Figure 3B ). The relative size of the necrotic core within the lesions was significantly smaller in HIF-1α-null mice compared with HIF-1α WT mice ( Figure 3C ). There was no difference in the macrophage staining area (using an anti-Monocyte + Macrophage antibody) or the collagen content visualized by Masson trichrome staining ( Figure 3E and 3F). On bone marrow transplantation, plasma cholesterol was slightly lower in HIF-1α-null mice than in HIF-1α WT mice, both when fed normal chow and when fed a high-cholesterol diet (Table) . The relative distribution of cholesterol between lipoproteins was, however, similar in the 2 groups ( Figure IV in the online-only Data Supplement). With a multiple mediation model for statistical analysis, 42 we found that the protective effect of the Hif1a-null genotype on the atherosclerotic lesion area could not be explained by the differences in cholesterol levels (Figure V in the online-only Data Supplement). White blood cell counts were similar, but spleens were larger in HIF-1α-null mice than in HIF-1α WT mice (Table) .
VHL deficiency results in a constitutive overexpression of HIF-1α 23 Ldlr −/− mice were transplanted with bone marrow cells from mice with VHL deficiency in the myeloid cell lineage. They developed more atherosclerosis in aorta than recipients of bone marrow cells from mice with intact VHL expression (Figure VI in the online-only Data Supplement). Plasma cholesterol and triglyceride concentrations were similar in the 2 groups (Table II in the online-only Data Supplement). The white blood cell count was higher in the recipients of VHL-deficient bone marrow cells, whereas spleen weight was not affected (Table II in the online-only  Data Supplement) . Notably, the donor VHL-null and donor VHL WT mice were littermate controls but not genotypically identical. As such, the data may be modulated by other genes than VHL.
Mechanisms Accelerating Atherosclerosis
To investigate how macrophage HIF-1α expression increases atherosclerosis, we examined key features of macrophage biology important for atherogenesis, that is, macrophage cholesterol efflux, glucose uptake, inflammatory status, M1/M2 polarization, and migration. Traditionally, HIF-1α has been considered active only under hypoxic conditions. Therefore, we also studied the effects of hypoxia on macrophage biology.
Effects of Hypoxia on Macrophage Biology
As expected, hypoxia increased HIF-1α protein expression in bone marrow-derived macrophages and foam cells ( Figure  VIIA in the online-only Data Supplement).
Hypoxia reduced the mRNA expression of the major cholesterol transporters, ATP-binding cassette A1 and G1 (data not shown) and reduced the efflux of cellular 3H-cholesterol to high-density lipoproteins by 23% (P<0.01; Figure 4A ). Hypoxia also increased the uptake of the glucose analogue 2-deoxy-2-(18F) fluoroglucose by 450% (P<0.0001; Figure 4B ) and the mRNA expression of the predominant glucose transporter Glut1 by 368% (P<0.01; Figure 4C ).
On the examination of key inflammatory genes, hypoxia reduced the expression of monocyte chemoattractant protein 1 and osteopontin and increased the expression of inducible nitric oxide synthase (Inos; Figure 5A ).
Hypoxia did not significantly affect the ability of the cells to migrate in modified Boyden chambers ( Figure 6A Taken together, these in vitro results suggest that hypoxia affects key macrophage features with relevance for atherogenesis, that is, cholesterol efflux, glucose uptake, and inflammatory gene expression.
Effects of HIF-1α on Macrophage Biology
To investigate the effect(s) of HIF-1α on macrophage functionalities, we isolated primary macrophages from mice with HIF-1α deficiency in the myeloid lineage and from mice with preserved HIF-1α expression. HIF-1α deficiency abrogated hypoxia-induced expression of the HIF-1α-responsive gene vascular endothelial growth factor (Figure VIIB in the onlineonly Data Supplement). HIF-1α deficiency did not affect low-density lipoprotein-induced foam cell formation (data not shown) or cholesterol efflux ( Figure 4A ), under neither normoxic nor hypoxic conditions.
The hypoxia-induced increase in glucose uptake and Glut1 mRNA expression was blunted in HIF-1α-null macrophages ( Figure 4B and 4C) .
HIF-1α deficiency decreased the mRNA expression of osteopontin under both normoxic and hypoxic conditions and of monocyte chemoattractant protein 1 under normoxic conditions. Also, HIF-1α deficiency blunted the hypoxiainduced increase of Inos expression ( Figure 5A ). Hence, HIF-1α-deficient macrophages had a less inflammatory phenotype than control cells.
We next investigated whether HIF-1α expression affects the polarization of macrophages into the proinflammatory M1 phenotype. As shown in Figure 5B , on M1 polarization with lipopolysaccharide and interferon γ, there was a lower expression of M1-typical genes in HIF-1α-null macrophages compared with HIF-1α WT cells. On differentiation into the fibrotic M2 macrophage phenotype by interleukin-4, HIF-1α deficiency did not have a general effect on M2-typical genes.
HIF-1α deficiency significantly increased the migration of macrophages in modified Boyden Chambers ( Figure 6A and 6B) both under normoxic (~130%; P<0.001) and hypoxic (~150%; P<0.0001) conditions. Because the necrotic core was smaller in the HIF-1α-null mice compared with HIF-1α WT mice, we finally examined the effect of HIF-1α deficiency on apoptosis in vitro by flow cytometry. The percentage of early apoptotic cells (Annexin V-FITC pos ⁄PI neg ) was lower in HIF-1α-null cells compared with HIF-1α WT cells both under normoxic and under hypoxic conditions ( Figure 6C ).
Taken together, these in vitro results illustrate that HIF-1α only mediates some of the hypoxia-induced effects on macrophage biology. Importantly, even under normoxia, HIF-1α affects atherogenic properties of macrophages, for example, M1/M2 polarization, migration, and apoptosis.
Discussion
This study supports the presence of widespread hypoxiainduced HIF-1α expression in murine atherosclerotic plaques and reveals that macrophage HIF-1α expression promotes atherogenesis in Ldlr −/− mice. This novel finding has potential clinical implications because compounds stimulating HIF-1α expression currently are being introduced as potential treatments for, for example, anemia.
Hypoxia and HIF-1α was present in the luminal regions of atherosclerotic lesions in Apoe −/− and Ldlr −/− mice and colocalized with macrophages and foam cells. The thickness of lesions in the aortas of hyperlipidemic mice is normally less than the assumed oxygen diffusion distance in tissue (100-200 µm).
13 Therefore, hypoxia more likely has resulted from increased cellular oxygen consumption by macrophages and foam cells, rather than impaired oxygen delivery. This may even be the case in advanced human lesions because Sluimer et al 14 saw hypoxic foam cells in the subendothelial region of lesions from carotid arteries in humans.
Already in 1969 Kjeldsen et al 43 showed that exposure to high oxygen decreased atherosclerosis in cholesterol-fed rabbits, and later a similar beneficial effect of hyperbaric oxygen exposure in rabbits with mechanically induced aortic lesions was shown. 44 In this report, we examined the role of the key molecular mediator of the hypoxic response, HIF-1α. Remarkably, myeloid-specific (primarily macrophages) loss of HIF-1α reduced atherosclerosis in Ldlr −/− mice. Loss of VHL, which results in increased HIF-1α expression, increased atherosclerosis. Hence, the present data strongly support a proatherogenic role of HIF-1α expression in macrophages.
Nevertheless, HIF-1α cannot be characterized as being strictly pro-or antiatherogenic, as the effect of HIF-1α expression seems to be strongly cell type dependent. As such, tissuespecific ablation of HIF-1α in smooth muscle cells reduced lesion formation in Apoe −/− mice with aortic constrictions, 36 thus corroborating the proatherogenic role of HIF-1α found in this study. In contrast, HIF-1α expression in lymphocytes 35 and Cd11c+ antigen-presenting cells 45 has antiatherogenic effects in mice. Also, a recent study found decreased atherosclerosis in Ldlr −/− mice when orally treated with a HIF-prolyl 4-hydroxylase antagonist that increases HIF-1 and HIF-2 expression. 46 Even though the relative macrophage and collagen content in atherosclerotic lesions in the aortic root was not affected, the size of the necrotic core was reduced in lesions of HIF-1α-null mice. In advanced lesions, phagocytic clearance of dead macrophages becomes defective. Hence, macrophage apoptosis is associated with growth of the necrotic core. [47] [48] [49] The reduced frequency of apoptosis in HIF-1α-deficient bone marrow-derived cells that we observed in vitro thus agrees with the in vivo findings. Notably however, HIF-1α has been shown to induce apoptosis and survival under different circumstances. 50 Necrotic core size is considered a key determinant of plaque vulnerability. 2 Hence, the reduced size of the necrotic core could reflect a beneficial effect of HIF-1α deficiency not only in relationship to the mere size of atherosclerotic lesions but also risk of plaque rupture. However, such a notion needs testing in other models because mice rarely exhibit atherosclerotic plaque rupture. 51 Plasma cholesterol levels were reduced in HIF-1α-null mice. However, there was no difference in plasma cholesterol levels between VHL WT and VHL-null mice. Moreover, plasma cholesterol did not correlate with plaque size (data not shown), and the relative distribution of cholesterol between lipoproteins was similar in HIF-1α WT and HIF1α-null mice. Also, the difference in lesion area could not be explained by the difference in plasma cholesterol concentrations in the HIF-1α study according to a statistical multiple mediation model. These observations suggest that plasma cholesterol is not a major determinant for the difference in lesion size in the HIF-1α study. Instead, we suggest that HIF-1α deficiency leads to changes in macrophage and foam cell biology, thereby affecting lesion development.
The primary signaling pathways in the hypoxic response are controlled by HIF-1α. 18 However, our data suggest that HIF-1α mediate effects even during normoxia. For instance, we found that HIF-1α deficiency increased macrophage migration at normal oxygen tension. The increased migration in Boyden chambers could reflect an increased capacity of the macrophages and foam cells to egress also from atherosclerotic lesions. 52, 53 Notably and in apparent contrast to our findings, Cramer et al 32 observed that HIF-1α deficiency actually decreases the migration of murine peritoneal macrophages and Asplund et al 54 reported that hypoxia increases the migration of human monocyte-derived macrophages. Hence, the extrapolation of the in vitro results should be done with utmost caution. The expression of inflammatory genes such as monocyte chemoattractant protein 1 and osteopontin was also affected by HIF-1α deficiency during normoxia. These observations agree with previous evidence that nonhypoxic stimuli implicated in the inflammatory microenvironment of the atherosclerotic lesions, such as oxidized low-density lipoproteins, tumor necrosis factor-α, interleukin-1β, and reactive oxygen species, can stabilize HIF-1α. [55] [56] [57] [58] Likewise, not all the effects of hypoxia on macrophage biology were HIF-1α mediated. For example, in agreement with another report, hypoxia markedly reduced cholesterol efflux from foam cells and macrophages to HDL.
30 Surprisingly, this effect of hypoxia was preserved in HIF-1α-null cells implying their independence of HIF-1α. Notably, Parathath et al found that HIF-1α knockdown by shRNA in macrophage J774 cells increased cholesterol efflux to ApoA1, implying that perturbation of HIF-1α under some conditions can affect cholesterol efflux.
The glycolytic pathway is controlled by HIF-1α. 59 As expected, hypoxia increased glucose uptake and Glut1 mRNA expression in macrophages. 60 This induction of anaerobe metabolism was blunted by HIF-1α deficiency.
Glucose metabolism is a critical component in the proinflammatory response of macrophages, 61, 62 and HIF-1α is an important mediator in these processes. 62 Thus, this effect of HIF-1α was paralleled by a shift in the inflammatory phenotype of the macrophages. Inos mRNA expression was dramatically induced by hypoxia, and the induction was almost abolished in HIF-1α-null cells. The proinflammatory INOS molecule is present in human atherosclerotic lesions and promotes atherosclerosis in Apoe −/− mice. 63, 64 Increased INOS expression is a prototypic marker for the proinflammatory M1 macrophage phenotype. 65 Indeed, when we polarized macrophages into an M1-like phenotype, the expression of typical M1 marker genes Figure 6 . Hypoxia-inducible factor-1α (HIF-1α) deficiency increases migration of macrophages and reduces apoptosis. A and B, The migration capacity of bone marrow-derived macrophages was analyzed in transwell chambers with 8 μm membranes. HIF-1α wild-type (WT) or HIF-1α null cells were allowed to migrate for 24 h toward conditioned medium from L929 fibroblasts under control (21% O 2 ; black bars) or hypoxic (0.5% O 2 ; white bars) conditions. Cells were stained with crystal violet. A, Light microscopy of macrophages on the bottom of the membrane. B, Number of cells migrated through the membrane subtracted migration in control wells. C, Frequency of apoptosis in macrophages. HIF-1α WT and HIF-1α-null cells were incubated under control (21% O 2 ; black bars) or hypoxic (0.5% O 2 ; white bars) conditions for 24 h. Apoptosis was measured by annexin V/propidium iodide (PI) flow cytometry, and cells positive to annexin V and negative to PI were calculated using FlowJo. Data are pooled from 3 to 4 independent experiments each performed in at least triplicates. Values are mean±SEM, *P<0.05, **P<0.01, ***P<0.001, oneway ANOVA followed by Bonferroni multiple comparison among means. Ctrl indicates control; and hyp, hypoxia.
(including Inos) was reduced in the HIF-1α-null macrophages. Hence, our data suggest that elimination of HIF-1α dampens the proinflammatory phenotype of M1-like macrophages. This could, at least partly, explain why Ldlr −/− mice, transplanted with HIF-1α-deficient macrophages, develop less atherosclerosis than recipients of HIF-1α WT cells.
In conclusion, this study provides the evidence that HIF-1α expression in macrophages accelerates atherosclerosis in mice. Additional mechanistically knowledge on the HIF-1α pathway in atherosclerosis may reveal HIF-1α as a potential therapeutic target for treatment of atherosclerosis. At least, the proatherogenic role of HIF-1α should be considered during the current development of HIF-1-stabilizing drugs such as for patients with anemia. [66] [67] [68] 
